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Summary 



This report is the first of a series of four on prope?_ler 
design and contains a description of the blade element or r.iiod- 
ified Drzewiecke theory as used in the Bureau of Aeronautics, 
U» S. Na.vy Department. Blade interference oorrs:!Ctions are used 
which were taken from R.& M- No. 639 of the British Advisory 
Committee for Aeronautics. The Ai3?foil characteristics used 
v;ere obtained from tests of model propellers, not from tests 
of model wings. 

A short method is also shown in which the forces on only 
one blade element are considered in order to obtain the char- 
acteristics of the v/hole propeller. 

The methods described have proved satisfactory in use* 



The U. S. Kavy method of aircraft propeller design is 
based on data obtained from a combination of the blade element 



theory, model i^ropeller tests in a T/ind tunnel, and tests of 
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full scale propellers in flight. The data are plotted as curves 
for propellers of standard Navy form, ma>:ing the actual oper- 
ations in designing a propeller very short and simple. -For the 
analysis or design of special propellers not coniorminE? to the 
standard, the modified blade element theory is used,, with air- 
foil section characteristics which give resultant powers and 
efficiencies checking the standard model data. 

Although the blade element theory is well known to aeronau- 
tical engineers, the accuracy of the results obtained through 
its use depends upon corrections which can be obtained only 
through experience. It is the intention to present in this 
report a modified form of the theory with data which makes its 
application sufficiently accurate^ for practical use. 

Discussion and Development of the Theory 

In the simple blade element or Drzewiecke theory the pro- 
peller blade is considered as made up of a number of email ele- 
ments, and the forces acting on each are found. From the suona- 
tion of the forces on the elements the resultant forces on the 
whole blade are determined. 

Ho account. is taken in the simple theory of the inflow or 
increase in slip-stream velocity which takes place in front of 
the propeller. The fact that the blades interfere with each 
other in a manner similar to the interference of the wings of a 
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multiplane witli backward stagger is also neglected. These fac- 
tors are taken care of in this report by blade interference 
corrections to the lift and drag coefficients of the airfoil 
sections obtained from R.& M Ho. 639 of. the British Advisory 
Committee for Aeronautics (Reference l) . 

Airfoil characteristics as found from tewSts on model wings 
at low air velocities do not apply to propeller sections vaiich 
are under entirely different conditions. Propeller airfoil 
section characteristics ha.ve been calcu.lated from model propel- 
ler test data (Fig. 6), as vrlU be explained in Technical ilote 
No. 336. These are used in calculations of propeller perform- 
ance and give powers and efficiencies corresponding to the tip 
speed of the model propellers (about 350 ft. /sec). The powers 
are then modified according to the particular tip speed of 
the full sised propeller ( Reference H.) • 

The s3/mbols used in the following development are given in 
Table I. The lift in pounds on a section of the propeller 
blade of ler.gth Ar and of width b is given by the expres- 
^Q.^ p '^^JLxlShi^^ where 7^ is the resultant velocity of the 



s 



section (Fig. 5) 
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The total force on the section due to both lift and drag 



pkllxS-lM g.nd is in the direction of K in Fig. 5, where 
3 

V ii . As cos(y-G) is in all cases between .995 and 

cos (7-e) 

1, the expression for the force on the blade element may be 
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taken as P - 

The thrust is the component of this force in the direction 
of the propeller axis or 

^ ^ _ p b(V^f C'l c ob(0^7) dr " 

2 - 

where tan 7 is taken as tan e plus D/L of the airfoil sec- 
tion at the corrected angle of attack a' . This is an approxi- 
mation but is correct v/ithin the limits of accuracy of the d&- 
, sign. Substituting V^. = and expressing b and r in 

terms of the diameter, equation (l) becomes 

dT - P V^D^ X x ^ X cos(<l'+7) d f^y (2) 

2 sins^ ^ ^^-^ 

Let - -^iiLl— and T^ - K 005(^-1-7) . 
- 2 sii^O X D 

Then dT =.p Y^D^ T^^d f-^^ and the total thrust for the propel- 
ler (of B blades) is 

T = pV^D^B./^''Ted(§^. • (3) 

In like manner the expression for torque is 

Q = PV^D^B/^'Qc d(X) .;7here - Kp x .| x sin($+7) . 

(4) . 

The horsepowers are then found from the expressions..: 

TY' ^ „^ 3 TT Q.II _ Q.N ^ „ T.HP. ■ 

" 550 ' ^ 60 X 550 ~ 5255 ' " Q-HP. 

Tc a-nd Qc found for each section, and the integrations in 
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equations (3) and (4) are performed graphically with the aid of 
a planimeter. 

Single Section Method of Analysis. 

It was noticed that for wood propellers of Mavy standard 
blade form (Fig. 11) tho torque and thrust grading curves used 
in the above graphical integration always reached their maxima 
at approximately 75 per cent of the. radius; also these curves 
were approximately similar for all pitch ratios and slips. 
This suggested that if a constant relation could be found be- 
tween the ordinate Qc at the 75 per odnt radius and the to- 
tal area, d (g, it would be necessary to analyze for 
this one station only a.nd multiply by a constant factor to get 

the value of I'^X d (£\ and Ao ^ (f) °°-l<3- 

a similar manner. 

The torque and thrust grading curves for a series of sto.nd- 
ard wood propellers were therefore calculated by moans of the 
full blade element theory using blade interference corrections 
and airfoil characteristics as found in the McOooU Field high 
speed wind tunnel. The series included various pitch ratios, 
slips, blade widths and thiclaiesses . As the curves are all ap- 
■ proximately horizontal at the 75 per cent station, any slight 
shifting of the peak has practically no effect on the value of 
the ordinate. 

The actual ratios of ft^ for 7 5 per cent radius divided 
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by J^^q^ d (-^^ have a constant value of .272 vdthin For ' 

thrust, "the ratio is constant within the same limits at .366. 

If the torque and thrust coefficients at 75 per cent radius 
are designated as- Q'c ^^^^^ ^ o I'cspect ively, the expressions 

for horsepower loecome 

^ .TP = . 373pV^D"BQ'c 
52*55 

.366P Y^lf B T»o 
T.HP. =r 



550 



As- T' = Kr, oos(f+7) and Q',, = .375 Kp sin{^ +7) , the cxpxes- 

C 

sion for efficiency can be further reduced to 

.416 X 



tan (^+7) 

This short method of analyzing the 75 per cent radius sto^tion 
only can be applied with good results to any conventional wood 
propeller having a plan form tapering toward the tip, and ap- 
proximately uniform pitch, but is strictly applicable to none 
but standard Havy wood propellers. 

Application 

Blade Element Theor y: 

The application of the blade element theory can best be 
shown by i^eans of an example. Consider a propeller 10 ft. in 
diameter with a uniform geometric pitch of 7 ft. and blade 
widths and thiclinesses as sho.vn in Table II, revolving at 1800 
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r;p.M. on an airplane having for^mrd speed of 129 M.P.H. 

For the section at 7 5 per cent of the radius the blade width 
is .66 ft. and the camber or is .107. 

- _ Pitch _ 7 _ oqrfK 

tan blade angle $g - "TT^ " 2tt x 3.75 ~ " 

Hence the blade angle, $p 16*6*^. 

For 129 M. P. H., v = ^^-^ - 189 ft./sec. 

. ^ ■ V 189 ^ pft7 

tan^- - 2^ 3.75 X 30 '^^^ 

Hence the path angle, $ = 15.0^. 
The apparent angle of attack, 

a = - ^> - 16.6^ - 15.0^ = 1.6^. 

From Fig. 6, 0^ - -530 for |^ - -107 and a = 1.6^. 

Fig. 7, shows the blade interference correction to the lift 
coefficient. The correction depends on the angle ^, C^, the 
radius, blade width, and nu:nber of blades. The last throe are 
used in the form of a coefficient S, where S - For 

c _ 2Tr X 5.75 _ -17.8. From Fie;. 7. the correction 
our example S .= ■ ^ ^ ^ ^g; x^.o- ^xu.u i ^-g, , 

to the lift coefficient ?^0^, is .058, where ^ - 15°, 
Ol-. 530, and 3=^15. When 3:^20, 30^— -032. Using 
linear interpolation, when S ^ 17-8, 

30^, = .058 - (.058 - .032) .044. 
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Tao corrected lift coefficient is then 

Ot^ = 0^ ^ aCiL, = .530 " .044 - .486. 

In like manner, from Fig. 8, the correction to the angle of at- 
tack is found to be e = .64 - (.64 - .40} - 15/ " ' 

The corrected a-ngle of attack 

From Fig. 6, the L/D for. a standard propeller section of 
M .107 at l.io is 16.8. 

' B . tanc0595 . .0087 = .0683 and 7 .^3.90 

L 

b 1 „ - .485 X .66 X 1 ^ ^239 
S ^'l ^ D ^ 10 X 2 X .2588^ 

Kp X X X sin($+7) - .239 x^^^ x sin 18.9^ 

rr .239 X .375 X .3239 
= .0290 

To - Kp cos (l>-l-'Y) = .239 x .9461 = .226. 

The values of Qc e.re found for each section (Table it. 

and plotted against r/D (Fig. 10). These are called, the 
torque and thrust grading curves. The area under the torque 

grading curve is j'^^ ^ (f) " 
From equation (4) the torque is 

= .00237 X 189^ X 10^ X 2.,x .00805 - 1365 ft.lh. 
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From equation (3) the thrust is 

5 o J /r\ 

T - P V^ITB / Tc d (5) 

= .00237 X 189^ X ICP X 3 X .0620 - 1050 IJo. 

rro' IL- _ 10 BO X 189 ^ c^g-L. 

T.HP. = 550 

T.KP. ... 361 „. • 
The efficiency ri = gT^p. - 467 - -^^^ 

The torque horsepower found ahove is the power which the pro- 
peller would absorb if it ware operating alone (without body 
interference) at a tip speed of about 250 ft. /sec In this 
case the propeller being 10 ft. in diameter and revolving at 
1800 , the tip speed 

TmD = .0524 ND - .0524 X 1800 x 10 
= 944 ft. /sec. 

If it is. operating in front of an average fuselage at 944 ft./, 
sec, tip speed, the Q.HP. should be increased by about 15. per 
cent to give the actual power absorbed by the propeller (Refer- 
ence 2) or B.HP. - 1.15 x 467 = 537. 
Single g net. ion Method '. 

In the short method Qo ^^^^^^ '^^^ ^""^ section at 75 
per cent radius only and called Q'c- ^^^^^ ^^^^^ -"^^^'^^ 

0 d f^-^- ' 

q{ lii=i-/' lias a constant value of .272, 
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Q = 



d = X q' - .272 .029 - .0073 

0 ^ ■ 

P V^D^B^/^'Qc d g) - .00337 X ISSP X icf X 2 x .0079 1342 



^ 15 42 X I SCjO ^ 

5255 



5255 



and 3 > HF • 
Txie efficiency 



1.15 X 460 - 530 



n ___1.89— 

_„ '41o X 5Q J(23^- 

tan($+7) tan 18.9° 



.3424 



1. 
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TABLE I. 
Symbols 

D - Diameter of propeller in feet. 

P GGoi-ietrioal pitch of propeller in feet. 

r - B^tdius of any section of propeller, in feet (Fig. l) ♦ 

lo - Blade width at any section, in feet (Fig- l) • 

c - Maximum blade width, in feet (Fig. l) . 

B - Uumb&r of blades in propeller. , 

(J - Torque of propeller, in foot pounds. 

T - Thrust of propeller, in pounds. 

- Torque coefficient of any section of propeller. 

- Thrust coefficient of any section of propeller. 
7 - Velocity of advance in ft. /sec. 

M.P.H. - Velocity of advance in mi./hr. 
n Revclut iors of propeller per second.. 
H. - Revolutions of propeller per minute. 
B.HP. - Brake horsepower of engine. 
T.KP. - Thrust horsepoiver. 
(^.HP- - Torque horsepoxTor . 
T{ - Efficiency 
Op Blade angle in degrees (Fig. 2). 

<^ Angle which rjath of blade makes with plane perpendic- 
ular to propeller axis. 

- ' ---^ arc tan rn (Fig. 3). 
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a - Apparent angle of attack of section = $p - <l> (Fig. 3). 

€ - Interference correction for angle of attack (Fig. 5). 

a' - Correoted angle of attack ~ a *- e (Fig. 5) . 

Cv - Absolute lift coefficient of airfoil at angle of attack 
a (Fig. 6). . . 

S'Gj^-. Interference correction for lift coefficient (Fig. 7). 

0'^- Corrected lift coefficient ~ 0-^ - dOr^ (Fig. ^5). 

L/D- Ratio of lift to drag for tlie airfoil section. 

h"j - Maxlmuin upper camber of section (Fig. 4). 

hjj/hj^ " Standard blade ratios (Fig- 9). 

h-^ - liaximum lov/er camber of section (Fig. 4), 

h/b- Camber ratio of any section. 

Y - Angle between resultant force on blade element and a 
line perpendicular to V^,. • . 

p - Mass density of air. This may be taken as .00237 for 
sea level and standard atmosphere. 

Tip speed - The distance traveled by the tip of the propeller 
in unit, time in plane of rotation. 

Tip speed ~ -• TtnD = .0524 IID ft. /sec 




N.A.C.A. Technical Note No. 235 13 

TABLE II. 

Analysis of Standard Navy Wood Propeller. 

Diameter = 10 ft. R.p.M. - 1800 M»P.H^ 129 

Pitch - 7 ft» n = ,30 r.p.s. .V '-= 189 ft. /sec. 



r/R 


.30 


.45 


..60 1 


.75 


.90 


b (ft.) 




O '7 'Z 

. ooo 


. roo 


• DDU j 




hjj/b 


.200 


.167 


.133 


.107 


.090 




.058 


.007 








r (ft.) 


1.5 




3,0 


3.75 


4.5 


3 TT r 


9 . 42 


14.13 


18.84 


23.55 


28.25 


3 TT rn. 


283 


434 


565 


707. 


848. 


o — Sir r 


6 


8.5 


12 


17.8 


31.4 


tan#3^:^ 


.743 


. 49 5 


. 372 


.2975 


. 248 


Op 






po aP 


• 


1 '7. Q 0 


tan ^) — 
2 TT m 


.668 


.446 


.334 


.267 


• 223 




33.8*^ 


24.0^ 


18.5^ 


15.0^ 


12.6^ 






2.4^ 


1,9^ 


1,6^ 


' 1.3^ 




,760 


.802 


.656 


. 530 


. 430 




.100 


.096 


.066 . 


.044 


.024 


c"l = Cl - 


.660 


, 706 


.590 


.486 


.406 


£ 


2 . 4^ 


1.8^ 


1.0^ 


.5^ 


oO 
• lO 


a' ~ a - € 


.4^ 


• o 


.9^ 


1.1^ 


1.1° 


L/D (a') 


14. 5 


15.4 


16.3 


16.8 


16.5 


D/L (a' ) 


j .0690 


.0649 


.0613 


.0595 


.060< 
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Table II (Oont.) 

Analysis of Standard IJavy Wood Propeller. 

Diameter - 10 ft. R.P.M. - 1800 M.P.H. .= 129 

Pitch " 7 ft. ■ n = 30 r.p.s. V 189 ft./sec^, 



tan € 


1 

.04-19 1 


.0314 


.0175 


.0087 


,0035 


tan7 D/L + tan € 


.1109 


.0963 


.0788 


.0682 


,0641 




6.3^ 


5.5° 


4,5° 


3,9° 


3,7° 




40.1° 


29,5° 


23.0° 


18 ..9°. : 


16.3° 


sin § 


.5563 


.4067 


.3173 


.2588 


. 2181 


b/D 


.0788 


.0833 


.0788 


.0660 


.0450 




.660 


.706 


. 590 


. 48o 


/ oft 




• 03 "X jL. 


.1805 


.2310 


.2390 


.1920 


s in(4>+^'y) 


. 6441 


.4924 


.3907 


. 3239 


,2807 


r/D 


.15 




.30 


.375 


.45 




.0081 


-0200 


.0271 


".0290 


.0242 


cos(^>-f7) 


.7649 


.8704 


,9205 


.9461 


.9598 


T.-En cos (0+7) 


.0643 


.1573 


.2130 


.2260 


.1850 
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Figs. 1,2, 3, 4 & 5 
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FiJ^e5 theory. 
Diagrams used in the developm:3nt of tie modified blade element 
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r' Max. camber =1.0 

I 




Station 


IjEH- 


,021 


• .05 j .1 


.2 


,3 


.4 


.5 


.6 




.8 


.9 


T-SR: 


Ordinate 


.10 


A n 
.'±1 


. 59 1 . 79 


.95 


.998 


.99 


.35 


.87 


.74 


.56 


.35 


.07* 



Fig. 9 Navy standard blade -section. R. A. F. Ho .6 Modified, flat face. 
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r/D 

Fig. 10 Thrust and torque grading curves. 



